The anterior cingulate cortex (ACC) has been implicated in encoding whether or not an action is worth performing in view of the expected benefit and the cost of performing the action. Dopamine input to the ACC may be critical for this form of effort-based decision making; however, the role of distinct ACC dopamine receptors is yet unknown. Therefore, we examined in rats the effects of an intra-ACC D1 and D2 receptor blockade on effort-based decision making tested in a T-maze cost-benefit task. In this task, subjects could either choose to climb a barrier to obtain a high reward in one arm or a low reward in the other arm without a barrier. Unlike vehicle-treated rats, rats with intra-ACC infusion of the D1 receptor antagonist SCH23390 exhibited a reduced preference for the high-costhigh-reward response option when having the choice to obtain a low reward with little effort. In contrast, in rats with intra-ACC infusion of the D2 receptor antagonist eticlopride, the preference for the high-cost-high-reward response option was not altered relative to vehicle-treated rats. These data provide the first evidence that D1 receptors in the ACC regulate effort-based decision making.
In order to make adaptive decisions, subjects have to analyze costs and benefits of the available response options. A number of studies indicate that the anterior cingulate cortex (ACC), a major subregion of the prefrontal cortex, is involved in these evaluative processes and might serve to encode whether or not an action is worth performing in view of the expected benefit and the cost of performing the action (Rushworth et al. 2004) . For instance, after excitotoxic ACC lesions, rats no longer selected the high-costhigh-reward option in a cost-benefit T-maze task if having the choice between climbing a barrier to obtain a large reward in one arm or to run for a low reward into the other arm with no barrier present (Walton et al. 2003) .
There is a large body of evidence to suggest that mesolimbic dopamine (DA) fibers projecting to the nucleus accumbens are critical for enabling an organism to overcome response costs to gain access to greater reward (Salamone et al. 1997) . Recent studies indicate that mesocortical DA fibers projecting to the ACC (Berger et al. 1991) may be important in effort-based decision making as well. Like rats with excitotoxic lesions, rats with DA depletion of the ACC no longer chose effortful but high-reward action in a T-maze cost-benefit task . However, using the same task Walton et al. (2005) reported that DA depletion of the ACC had no effect on effort-based decision making. As infused a markedly higher dose of the catecholaminergic neurotoxin 6-hydroxydopamine into the ACC than Walton et al. (2005) , different magnitudes of DA depletions may largely account for the discrepant results. Together, these two studies suggest that a substantial loss of DA in the ACC may be necessary to impair effort-based decision making.
Prefrontal DA plays an essential role in cognitive processes and regulates aspects of working memory and attention through actions on D1 receptors (e.g., Granon et al. 2000; Seamans and Yang 2004) or set-shifting through actions on both D1 and D2 receptors (Ragozzino 2002; . However, the role of D1 and D2 receptors of the ACC in effort-based decision making is yet unknown.
Here we examined the effects of a selective intra-ACC blockade of D1 and D2 receptors on response selection in a costbenefit T-maze task that is sensitive to ACC dysfunction in the rat (Walton et al. 2003; . In this task, subjects could either choose to climb a barrier (30 cm) to obtain a high reward (four pellets) in one arm or a low reward (two pellets) in the other arm without a barrier.
Results

Histology
The location of the injection cannulae tips within the ACC from animals in Experiments 1 and 2 is shown in Figure 1 .
Experiment 1: Blockade of ACC D1 receptors and effort-related decision making Twenty-one animals were divided into two groups according to their preoperative performance in block A (Fig. 2) . The groups were chosen so that there was no significant difference detectable before surgery (F < 1). In postoperative blocks B and C, one group received intra-ACC microinjections of SCH23390 (1 µg in 0.5 µL per side; n = 10), the other group received vehicle microinjections (0.5 µL per side, n = 11).
In the preoperative testing block, all animals exhibited a strong preference to surmount the barrier to obtain the large reward with an average of more than 75% of the choices for the HR arm. This preference was reduced after intra-ACC microinjections of the D1 receptor antagonist SCH23390 if tested in the one-barrier condition (block B), but not if tested in the twobarrier condition (block C).
Repeated measures three-way ANOVA with two withinsubject factors (blocks, three; days, three) and one betweensubject factor (treatment, SCH23390 vs. saline) revealed no significant main effect of treatment (F (1,19) = 3.57; P = 0.07), but a significant main effect of testing blocks (F (1.94,36.92) = 34.90; P < 0.001). Furthermore, there was a treatment ‫ן‬ block interaction (F (1.94,36 .92) = 9.42; P < 0.001) and a block ‫ן‬ day interaction (F (3.02,57.38) = 3.84; P < 0.05).
For additional analysis, blocks A and B were compared by a separate ANOVA. There was significant main effect of treatment (F (1,19) = 4.46; P < 0.05), blocks (F (1,19) = 46.83; P < 0.001) and a treatment ‫ן‬ block interaction (F (1,19) = 16.94; P < 0.001), and a block ‫ן‬ day interaction (F (1.79,33.93) = 5.81; P < 0.01). A comparison of blocks B and C revealed a significant main effect of treatment (F (1,19) = 5.92; P < 0.05), blocks (F (1,19) = 49.72; P < 0.001) as well as a treatment ‫ן‬ block interaction (F (1,19) = 8.73; P < 0.01) and a block ‫ן‬ day interaction (F (1.52,28.97) = 4.01; P < 0.05). A comparison of simple contrasts revealed a significant effect of treatment in block B (F (1,19) = 9.85, P < 0.01), but not in block C (F (1,19) = 1.14; P = 0.30).
Experiment 2: Blockade of ACC D2 receptors and effort-related decision making Twenty-two animals were divided into two groups according to their preoperative performance as shown in Figure 3 . In the preoperative block A, no difference between groups was detectable (F < 1). Both groups preferred to climb the barrier to obtain the higher reward in more than 80% of the trials. When tested after recovery, one group received intra-ACC microinjections of the D2 receptor antagonist eticlopride (1 µg in 0.5 µL per side; n = 10), the other group vehicle infusions (0.5 µL per side, n = 12). This preference was not reduced after intra-ACC microinjections of the D2 receptor antagonist eticlopride, if tested in the one-barrier (block B) and two-barrier condition (block C).
Repeated measures three-way ANOVA with two withinsubject factors (blocks, three; days, three) and one betweensubject factor (treatment, eticlopride vs. saline) demonstrated no significant main effect of treatment (F (1,20) = 0.013; n.s.), but a significant main effect of testing blocks (F (1.63,32.59) = 12.78; P < 0.001). In addition, there was a near-significant main effect for days (F (1.95,39 .02) = 3.26; P = 0.0502).
A separate ANOVA to compare blocks A and B demonstrated a significant main effect of blocks (F (1,20) = 12.24; P < 0.01), but no block ‫ן‬ treatment interaction (F (1.63,32.59) = 2.77, n.s.). Likewise, a comparison of blocks B and C revealed a significant main effect of blocks (F (1,20) = 17.03; P < 0.001). There was a trend for a significant treatment ‫ן‬ block interaction (F (1,20) = 3.63; P = 0.07). A comparison of simple contrasts revealed no significant effect of treatment in block B (F (1,20) = 1.19, P = 0.29), but there was a significant effect in block C (F (1,20) = 4.52, P = 0.046). This latter effect was caused by a very high HR arm preference of vehicle-treated animals, rather than a reduced HR preference of eticlopridetreated animals.
Discussion
The results from the present experiments reveal that intra-ACC microinjection of the D1 receptor antagonist SCH23390 reduced the preference for the high-cost-high-reward response option when having the choice to obtain a low reward with little effort. SCH23390-induced effects cannot be attributed to changes in primary food motivation or appetite, to motor or spatial impairments, or to problems in reward magnitude discrimination, because after introduction of a barrier into the LR arm, SCH23390-treated rats selected the high-cost-high-reward option. These findings suggest that DA input to the ACC acting on D1 receptors is critical for effort-based decision making. In contrast, intra-ACC microinjection of the D2 antagonist eticlopride did not significantly alter the preference for the high-cost-highreward response option in the one-barrier condition. Responding for high reward was enhanced on day 2 in the one-barrier condition; however, this is unlikely to reflect an effect of eticlopride. If treatment effects on effort-based decision making in this task occurred in previous studies, they were observed on all three days in the one-barrier condition (Walton et al. 2002 (Walton et al. , 2003 .
The behavioral effects observed here are likely to be caused by drug actions within the ACC. Microinjections of radiolabeled SCH23390 into prefrontal subregions such as the prelimbic cortex exhibited relatively little spread into adjacent subregions (Granon et al. 2000) . Also, a spread of drug rostrally into the prelimbic-infralimbic cortex would not affect behavior, as these prefrontal subregions do not play a role in the form of decision making examined here: Walton et al. (2003) demonstrated that excitotoxic lesions to the prelimbic-infralimbic cortex had no effect on rats' ability to make effort-based decisions. In addition, SCH23390 (Bischoff et al. 1988 ) and eticlopride (Seeman and Ulpian 1988) are highly selective and potent antagonists at D1 or D2 receptors, respectively. Although SCH23390 displays affinity to 5-HT2 receptors as well (Bischoff et al. 1988) , actions on 5-HT2 receptors might not account for the SCH23390-induced behavioral effects. A recent study revealed that a systemic blockade of 5-HT synthesis by para-chlorophenyl-alanine did not alter effortbased decision making as tested here (Denk et al. 2005) . Furthermore, our data provide no evidence for reduced efficacy with repeated microinjections of SCH23390. Similarly, Baldwin and colleagues demonstrated that repeated daily prefrontal injections of SCH23390 impaired instrumental learning without loss of efficacy (Baldwin et al. 2002) . The relative densities of prefrontal D1 and D2 receptors are different (Lidow et al. 1991; GoldmanRakic et al. 1992; Gaspar et al. 1995; Sesack et al. 1995) and we cannot rule out that the doses of SCH23390 and eticlopride (1 µg, respectively) used here were not fully equipotent in behavioral terms. The doses of SCH23390 and eticlopride were based on pilot studies and data reported in the literature (Seamans et al. 1998; Ragozzino 2002; Sun and Rebec 2005; . For instance, this dose, but not a lower dose, of SCH23390 (Ragozzino 2002) or eticlopride microinjected into the medial prefrontal cortex impaired set-shifting of rats in a maze task. Thus, the failure of intra-ACC eticlopride to affect cost-benefit decision making is unlikely to reflect inadequate drug dosing.
ACC dopamine and effort-based decision making
Recent studies demonstrated that the ACC has a fundamental role in effort-based decision making (Walton et al. 2003; , though not in all categories of decisions requiring an assessment of costs and benefits . As ACC DA depletion reduced the preference of rats for the high-cost-high-reward option in a similar manner as excitotoxic ACC lesions or nucleus accumbens DA depletion, we proposed that DA inputs to the ACC might be essential for effortbased decision making . In line with this notion, our present results reveal that effort-based decision making critically depends on the activity of ACC D1 receptors.
The cognitive processes regulated by ACC D1 receptors subserving response selection are difficult to assess. In the ACC, DA has been implicated to convey prediction error signals (Holroyd and Coles 2002) and to modulate the amplitude of reinforcement-related brain potentials generated in the ACC (Nieuwenhuis et al. 2004) . Therefore, it is conceivable that a blockade of ACC D1 receptors could produce abnormal reinforcement learning signals, thereby compromising the sensitivity to benefits. However, such an effect should impair effort-related decisions both in the one-and two-barrier conditions, which has not been observed. Notably, rats with an intra-ACC D1 receptor blockade were not insensitive to costs and benefits. Similar to rats with excitotoxic ACC lesions (Walton et al. 2002 (Walton et al. , 2003 or 6-OHDA lesions , they seemed to operate according to a cost-benefit analysis in the two-barrier condition and preferred the high-cost-high-reward response option when having the choice to obtain a low reward with high costs. Therefore, the ability to evaluate and integrate the costs and benefits of response options appeared to be intact in rats with an intra-ACC D1 receptor blockade. Furthermore, as DA dysfunction can cause impulsive choice (e.g., Cole and Robbins 1989; Wade et al. 2000) one could argue that in the one-barrier condition an intra-ACC D1 receptor blockade increased the tendency to make impulsive choices. However, this explanation is not plausible. Though not explicitly measured here, the delay to obtain large reward due to surmounting the barrier is short (<5 sec), and delay discounting was not impaired by excitotoxic ACC lesions (Cardinal et al. 2002b) .
Moreover, the ACC has been proposed to monitor conflict as a function of task difficulty (Botvinick et al. 2001 (Botvinick et al. , 2004 . It is therefore possible that an intra-ACC D1 receptor blockade compromised conflict monitoring, which could, in part, account for impaired decision making. For instance, the relative values of response options should be less disparate and more difficult to discriminate in the one-barrier condition compared with the two-barrier condition. Thus, relative to the two-barrier condition, response selection in the one-barrier condition may be viewed as a situation in which conflict is more likely to arise in the form of competition among the available responses. Hence, the SCH23390-induced effects on decision making in the one-barrier condition could reflect disturbed conflict monitoring during performance of a more complex condition of the task. Taken together, though the exact contribution to effort-related decisions remains elusive, it is reasonable to propose that D1 receptors of the ACC regulate response selection based on the relative values associated with different actions.
Prefrontal DA neurotransmission not only plays a critical role in the form of decision making tested here, but also in working memory or behavioral flexibility (Robbins 2005) . Notably, prefrontal D1 receptor activity is critically involved in mediating working memory (Sawaguchi and Goldman-Rakic 1991) , while both D1 and D2 receptors act in a cooperative manner to facilitate behavioral flexibility (Ragozzino 2002; . Furthermore, prefrontal D1, D2, and D4 receptors contribute to a form of decision making that requires rats to direct instrumental responding to minimize conditioned punishment , while our results suggest that effort-related decision making in a T-maze task requires prefrontal D1, not D2, receptor activity. Working memory, behavioral flexibility, and different forms of decision making may involve distinct cognitive functions as well as distinct neural circuits. Thus, mesocortical DA modulation of different types of cognitive and executive functions appears to be mediated by dissociable patterns of prefrontal DA receptor activity (for review, see . Furthermore, the receptor mechanisms by which mesocortical and mesolimbic DA contribute to effort-based decision making could be distinct. Previous studies (Salamone et al. 1994) indicate that DA depletion of the nucleus accumbens caused similar impairments of effort-based decision making in a T-maze task as seen here. Nowend et al. (2001) further demonstrated that D1 and D2 receptors within the nucleus accumbens mediate the ability of rats to overcome work-related response costs in order to get food, while our results suggest that in the ACC DA activity Figure 2 . Effects of an intra-ACC D1 receptor blockade on effort-based decision making in a T-maze cost-benefit task. Mean (‫ע‬SEM) percentage of high-rewarded arm choices (HR) per day is given. Testing block A was preoperatively without treatment, blocks B and C post-operatively after pre-trial infusions of SCH23390 (1 µg in 0.5 µL per side; n = 10; ᭞) or saline (0.5 µL; n = 11; ᭹) into the ACC. Each block consisted of three consecutive test days; on blocks A and B, a 30-cm barrier was placed in the HR; on block C, identical 30-cm barriers were placed into each goal arm, respectively. only at D1, not at D2, receptors seem to be critical. However, a concurrent lever pressing/choice paradigm has been used by Nowend et al. (2001) , and it's questionable whether effort-based decisions in this task that require a decision between lever pressing for preferred food or consumption of less-preferred lab chow is mediated by the ACC . Thus, the specific accumbens DA receptor subtypes regulating the form of effort-based decision making examined here remain to be assessed.
Taken together, our present and previous findings indicate the mesocortical DA projection to the ACC is critical for effort-based decision making as tested here, in addition to the mesolimbic DA projection to the nucleus accumbens as previously shown (Salamone et al. 1994) . Recent studies elegantly demonstrate that response selection depending on a cost-benefit analysis requires serial transfer of information between basolateral amygdala and ACC (Floresco and GhodsSharifi 2006) . In view of the connectivity of basolateral amygdala, ACC, and nucleus accumbens (e.g., Cardinal et al. 2002a) , it is tempting to speculate that the ACC integrates reward-related information from the BLA and, perhaps, other sources to select a particular response in view of the relative values of the available options and to mediate response execution through downstream projections to the nucleus accumbens. This circuit regulating effort-based decision making is modulated by DA input to the ACC acting on D1 receptors and by DA input to the nucleus accumbens.
Materials and Methods
Subjects
Male Sprague-Dawley rats (Charles River) were used, weighing between 200 and 300 g at the time of surgery. They were housed in groups of four to six animals in a 12-h light/12-h dark cycle (lights on at 7.00 a.m.) with ad libitum access to water; food was restricted to 15 g per animal and day (standard maintenance chow; Altromin). Temperature (20 ‫ע‬ 2°C) and humidity (50 ‫ע‬ 10%) were kept constant in the animal house. Experiments were performed according to the German Law on Animal Protection and approved by the proper authorities in Stuttgart, Germany.
Surgery
For stereotaxic surgery, animals were anesthetized with a mixture of ketamine (80 mg/kg i.m.; Bela-Pharm) and xylazine HCl (9 mg/kg i.m.; Bayer) and secured in a stereotaxic apparatus with atraumatic ear bars (David Kopf Instruments). Bilateral stainless-steel guide cannulae (0.8 mm outer diameter) aimed at the Cg1 and Cg2 regions of the ACC were implanted by standard stereotaxic procedures. The coordinates with reference to the atlas of Paxinos and Watson (1986) were: 2.2 mm anterior to bregma, ‫6.1ע‬ mm lateral and 2.5 mm ventral to bregma with the guide cannulae positioned in an angle of 20°from the midline (tooth bar 3.3 mm below the interaural line). The guide cannulae were occluded by stainless-steel stylets. Animals were allowed to recover for at least 7 d.
Apparatus
A T-maze task involving effort-based decision making was used (Salamone et al. 1994; Walton et al. 2002) . The elevated T-maze consisted of a start arm and two goal arms (each 17-cm wide and 70-cm long) made of laminated wood; the walls were 30-cm high. A food well was placed at the end of each goal arm. On "forced" trials, a solid block was used to prevent entering one goal arm. The barriers that the animals had to surmount were made of wire mesh in the shape of a three-dimensional rightangled triangle. The rats had to climb the vertical side of the triangle and descend down the slope to attain the reward. The height of the barriers was increased during training from 15 cm at the beginning to a final height of 30 cm (final steepness ∼50°).
Training and experimental procedure
The experimental procedure corresponds to the schedule described by Walton et al. (2002) . One training or test session was given per day throughout the experiment. In brief, after habituation to the maze on the first day, animals learned to discriminate a high-rewarded goal arm (HR) containing four food pellets (45 mg dustless precision pellets, Bioserv) from a low-rewarded goal arm (LR) containing two food pellets. For one-half of the group the HR was on the right, for the other half on the left. Animals were trained until choosing the HR in Ն80% of trials (i.e., 5 d), before a 15-cm barrier was introduced into the HR. After 3 d, animals selected the HR in the majority of trials (Ն70%). Then, the height of the barrier was increased to 20 cm and, thereafter, to 25 cm for 3 d, respectively. On the first two trials, the animals were forced to run in opposite directions, followed by 10 choice trials each day. After a total of 12 training days, the experiment consisting of three testing blocks of three consecutive testing days each was started. During the pretreatment block (block A) as well as the first treatment block (block B), there was a 30-cm barrier in the HR only (one-barrier condition). During the second treatment block (block C), identical 30-cm barriers were present in each goal arm (two-barrier condition) to assess whether the infusions of the drugs caused any motor or spatial deficits, or an inability to remember the Figure 3 . Effects of an intra-ACC D2 receptor blockade on effort-based decision making in a T-maze cost-benefit task. Mean (‫ע‬SEM) percentage of high-rewarded arm choices (HR) per day is given. Testing block A was preoperatively without treatment, blocks B and C postoperatively after pre-trial infusions of eticlopride (1 µg in 0.5 µL per side; n = 10; छ) or saline (0.5 µL; n = 12; ᭹) into the ACC. Each block consisted of three consecutive test days; on blocks A and B, a 30-cm barrier was placed in the HR; on block C, identical 30-cm barriers were placed into each goal arm, respectively. reward size in the goal arms. Stereotaxic surgery was done between block A and block B. observed that intra-ACC DA depletion caused impairments in effort-based decision making in the onebarrier condition, which were least on the first testing day and became markedly stronger on the subsequent two testing days. To capture such within-block treatment effects, animals received drug or vehicle microinfusions prior to each of three testing days in the one-barrier condition (block B) and the two-barrier condition (block C) as well. In Experiment 1, animals received six bilateral intra-ACC microinjections of the D1 receptor antagonist SCH-23390 (Research Biochemicals International); in Experiment 2, six bilateral intra-ACC microinjections of the D2 receptor antagonist eticlopride hydrochloride (Sigma-Aldrich). Microinfusions were given prior to each testing day. Drugs were dissolved in physiological saline (0.9%) and injected at a dose of 1 µg in 0.5 µL. Control subjects received saline injections of 0.5 µL.
Drug treatment
All injections were delivered through injection cannulae (0.45 mm outer diameter; Braun) over a 50-sec interval; injection cannulae were left in position for a further minute to allow for diffusion. Injection cannulae protruded 1 mm beyond the guide cannulae. After injection, each animal remained in its home cage for an additional 5 min before being placed in the T-maze.
Histology
After completion of the experiment, animals were euthanized with isoflurane (IsoFlo, Abbott) so that the brains could be removed for histological verification of correct cannulae placements. Brains were removed and placed in 10% formalin saline overnight and stored in 30% sucrose. Coronal brain sections (50 µm) were collected. Every second section was mounted on coated slides, stained with cresyl violet, and coverslipped using DePeX (Serva).
Animals were only included if their cannulae tip placements deviated less than ∼0.5 mm from target coordinates in the ACC. Four animals (Experiment 1: one vehicle-, one SCH23390-treated rat; Experiment 2: two eticlopride-treated rats) were excluded from analysis as cannulae tips were misplaced in the anterior direction, i.e., within the rostral ACC/prelimbic cortex about +3.2 mm relative to bregma.
Data analysis and statistics
Choices of the HR arm on each testing day were counted and given as percentage means ‫ע‬SEM. The data were subjected to repeated measures analysis of variances (ANOVA) with two within-subject factors (blocks of testing, testing days) and one between-subject factor (treatment, saline vs. SCH23390 or eticlopride). The results given were calculated using a GreenhouseGeisser correction to compensate for problems caused by violations of the sphericity assumption when using an F-test. All statistical computations were carried out with STATISTIC (version 7.1, StatSoft, Inc.). The level of statistical significance (␣-level) was set at P < 0.05.
